Auditory perception has been proved to have an influence on how we live and move through places and on the use of public spaces. However, despite the numerous studies that have focused on the theme of soundscape and auditory perception of urban spaces, these aspects have not been studied in connection with the design of the building surrounding such spaces. This study focuses on the influence of façade design on acoustic characteristics of an urban space and on the subjective spatial perception of the users. Simulations and auralizations have been conducted through ODEON software (v.13) on the virtual model of a small square of Turin (Italy). Different absorption and scattering coefficients of façade upholsteries have been applied to the façades of the building surrounding the square, choosing from a pool of typical building façade materials. Results of a listening test have proved that the absorption coefficient of the façades has an influence on the subjective perception of space wideness. Moreover, multiple regression analysis has been conducted in order to find a mathematical relation between space wideness perception and objective acoustic parameters. It was shown that the relation between the perceptual aspects and the objective parameters is strongly dependent on the listening position.
Introduction
Due to the leading role in architectural and urban design, studies on the perception of urban spaces have generally focused mainly on visual perception. 1, 2 However, the role of other senses in our perception and assessment of the surrounding environment has been recognized by psychologists and geographers for a long time.
Turin (Piedmont, Italy). The square is crossed by two orthogonal streets, which are about 10 m wide and surrounded by buildings with plastered brickwork façades. Figure 1 shows an aerial view of the square, together with its location with respect to San Salvario neighborhood and the city of Turin.
A simplified three-dimensional (3D) model of the square has been realized, and the model has then been transferred in ODEON (v. 13) software, thanks to SU2Odeon plugin for SketchUp, in order to perform the acoustic simulations.
The model has been calibrated through in situ measurements of the reverberation time, carried out according to ISO 3382-1:2009 standard, using balloons as sound sources. 25, 26 Despite being addressed to indoor environment, the standard has, in fact, been previously applied in case of urban squares surrounded by buildings. [27] [28] [29] An in-depth review of existing literature has been conducted in order to assign absorption and scattering coefficients that could satisfactorily simulate the real materials that correspond to the square surfaces and at the same time allowing for an acceptable fitting of the simulated to the measured values. Figure 2 shows the sound absorption and sound scattering coefficients assigned to each material. The sound absorption coefficients have been defined for each octave band center frequency, and the values for 63 and 8000 Hz have been assigned by the authors on the basis of the values for 125 and 4000 Hz, respectively. The scattering coefficients has been defined as a single number, since ODEON (v.13) only requires the scattering coefficients for 707 Hz as input given by the user, which is then automatically associated with default scattering curves implemented in the software. 30 The model of the square has been inserted into a bounding box before exporting it to ODEON (v.13), since it has to be watertight in order to perform the acoustic simulations. The box has been assigned the absorption coefficient of air (i.e. absorption coefficient α = 1 at all frequencies).
Once the model had been calibrated, several scenarios have been simulated through ODEON (v. 13) , in which the characteristics of the façade upholsteries (namely, the sound absorption and sound scattering coefficients) have been modified. In particular, two different materials have been tested in addition to the plastered brickwork assigned for the model calibration, with different degrees of sound-absorbing properties, namely, a coarse concrete and a green wall façade. Moreover, for each material, three scattering coefficients (0.1, 0.5, and 0.9) have been tested. The scattering coefficients have been chosen on the basis of previous studies conducted on indoor environments, which proved that a variation of around 0.4 in scattering coefficient can be perceived by listeners. 38 The complete set on which simulations have been performed is, therefore, composed by nine different scenarios. Figure 3 shows the sound absorption coefficients of the three different materials chosen as façade upholstery. Absorption and scattering coefficients of the materials assigned to the virtual model for calibration with in situ measurements, together with the literature references from which values have been inferred [31] [32] [33] [34] [35] [36] [37] .
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The absorption coefficient has been calculated with an excel spreadsheet, considering a membrane absorber (Kuttruff, 2004) 2 Assigned on the basis of the indicated reference, taking into account surface irregularities 3 Assigned on the basis of the indicated reference, considering the values indicated for rough building structures 4 Assigned taking into account the presence of small parts of grass, dehors and other irregularities and materials variations in the sidewalk.
Sound source typology
The sound source used in the model was determined accordingly to the outcomes of a study conducted by the authors in San Salvario neighborhood. Such study aimed to investigate the "sonic image" of the neighborhood, through the collection "earwitness accounts" 39 that helped to understand which sounds are perceived as most present and connotative of the area. A total of nine people living and/or working in the area underwent an interview constructed on the basis of existing literature. 4, 6, 10, 12 They were not involved in soundwalks or other in situ evaluations, as the aim of the study was to assess what they remembered about the sonic environment and which kind of sound they associated mostly with the neighborhood. In one of the steps of the interview, based on a simplification of the taxonomy of sound sources defined by Brown et al., 10 the interviewees were asked to mark on a map which kind of sound sources were present in the area, following the legend shown in Figure 4 . They were asked to repeat the same operation two times, one for daytime sonic environment (from around 6 a.m. until around 7 p.m.) and one for nighttime sonic environment (from around 7 p.m. until around 6 a.m.).
Excerpt of the maps obtained as outcomes of such interviews are shown in Figure 5 . Such excerpts focus on the Largo Saluzzo area and clearly show that the noise from voices and other human activities is perceived as the most present in the area, especially during nighttime.
Moreover, in order to corroborate the results of the in-person interviews, a web questionnaire has been prepared with Google form and diffused through emails among colleagues who have frequent experiences of the area. The survey was based on the in-person interviews, but instead of marking the sound on a map, the interviewees had to indicate, through multiple-choice questions, which type of sound sources are prevailing, audible or not audible in the same areas of San Salvario neighborhood.
In total, 20 answers have been collected. Figure 6 shows an excerpt of the results, focusing on the sound sources of Largo Saluzzo. As can be seen from the charts, in the case of daytime, both electromechanical sounds and sounds deriving from human activities are indicated as almost equally present in the square, but in the case of nighttime, there is a strong prevalence of voices and sounds deriving from human activities.
Moreover, all 20 interviewees indicated human voices as one of the sources that were heard more often, while 13 interviewees indicated also traffic noise, 7 indicated music, and only 2 specified also a natural sound (water and trees). 
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Plain painted brickwork [32] Coarse concrete [32] Green wall [37] Therefore, after evaluating the results of both in-person interviews and web questionnaires, the noise from human activities, and in particular the sound of human voices, has been chosen as the most representative of the area, taking into account both daytime and nighttime.
Source and receivers settings
As stated in the previous paragraph, the sound source that has been chosen as most identifying for the area is noise from voices and human activities. Therefore, an omnidirectional, punctual sound source has been placed in the model, in order to simulate a small group of people chatting, in which every talker is oriented toward different direction. The source has been placed in one corner of the square, in a position where pedestrians are likely to stop due to the presence of a café and has been set at a height of 1.60 m from the ground, in order to simulate the average height of the mouth of standing people. A sound power level of 70 dB has been considered for a small group of 5-6 persons. 40 In total, two different receivers have been placed in the model, at a height of 1.60 m from the ground in order to simulate the average height of the ears of a standing listener, in positions where pedestrians are likely to pass or stop by in the square. Receiver A has been placed in the center of the square, while receiver B has been placed at the opposite corner of the square with respect to the source position. The distance of receiver A and receiver B from the source is, therefore, 25.5 and 51.0 m, respectively.
In order to conduct the subjective listening test, auralizations have been performed for each scenario and receiver position, using an anechoic chatting sound. The sound has been recorded in the anechoic chamber of Politecnico di Torino, through a recording setting constituted by a Schoeps microphone amplifier CMC-5U with a switchable capsule MK connected to an HP 203 3G laptop through a TASCAM US-144 audio/MIDI interface. The microphone has been placed in the middle of the chamber, and the voices of four people facing the microphone from four different directions have been recorded simultaneously. Figure 7 shows the ODEON (v.13) model of the square, on which the source and receiver positions have been indicated.
Listening test structure and setup
A total of 18 auralizations have been realized, since nine different scenarios with different façade upholsteries characteristics have been tested (cf. section "Case study and model realization"), and for each of the nine scenarios, two receiver positions have been considered (cf. section "Source and receivers settings"). In total, 18 audio samples have, therefore, been produced to be used in the listening test. Figure 8 shows a schematization of the 18 scenarios and receiver combinations.
The listening test presented each of the 18 auralizations singularly and for each participants were required to assess the perceived wideness of the space were such auralizations had been realized on the basis of the sole auditory stimulus. The perceived wideness was assessed through a 5-point Likert-type 41 scale ranging from 1 (narrow) to 5 (wide).
The test was preceded by an introductory phase in which the aim of the research was briefly presented to participants and instructions were given on how to complete the test. During this phase, participants were also instructed to not change the volume settings during the test, in order to not modify the boundary conditions in which the test was performed. After the instructions, participants were required to fill in a data form providing anagraphic information. They then underwent a short training session, in which two auralizations of the same chatting sound used in the test were presented, one of them realized in a narrow square (about 1000 m 2 ) and the other one realized in a wide square (about 4000 m 2 ). These two squares were general examples of simplified situations, for which the listener did not have any information on geometry and listening position. They could listen to each of the two audio samples as many times as they felt it necessary, in order to get familiar with the type of sound used in the test and focus on the differences between the two auralizations.
The online platform named Survey Anyplace has been used to create the test. All pages of the test were the same, presenting the audio track, which participants could play as many times as needed, and a 5-point scale on which they had to move a cursor in order to provide the answer. The pages were randomized in order to avoid order effects. Participants could move back to the previous pages in order to listen again to each auralization, if they needed, but were required to assess each audio track in order to move on to the following steps.
In total, 31 participants took part voluntarily to the test. They were aged between 19 and 31 (M = 24.68, standard deviation (SD) = 3.16), and each of them underwent a tone audiometry before the listening test, in order to check whether they reported a hearing capability within the normal range. The tone audiometry was taken using the app "Loud Clear Hearing Test," developed by JPSB Software, and all participants worked under the same boundary conditions, since the volume had been previously set by the experimenter. Results showed that all participants had normal hearing and could, therefore, be included in the analysis of listening test results.
The listening test was carried out in the anechoic chamber of Politecnico di Torino, where a background noise of 17.3 dB L Aeq provides a very silent environment, suitable for listening test conduction. A laptop (HP 203 3G) was placed on a table in the middle of the chamber and connected to a pair of Sennheiser 650 HD headphones through a TASCAM US-144 audio/MIDI interface. The participants set in front of the table, wearing the headphones and using the laptop to conduct the listening test. The system has not been calibrated with standardized procedures, since it was not necessary a precise listening sound level. The listening level through the headphones has been set to a comfort listening level by the experimenter and has been cross-checked with another listener. It was then maintained unvaried during the whole listening test.
A parallel connection with a PC placed in the acoustic laboratory next to the anechoic chamber allowed the experimenter to check the correct progression of the tests, without interfering with the work of the participants. Figure 9 shows the user interface in the case of training session and listening test.
Results and discussions

Objective parameters
In order to assess the effects of the different façade upholsteries on the acoustic characteristics of the square, different objective parameters have been evaluated. Room acoustic parameters have been derived from ODEON (v.13) simulations. SPL 0.063-8 kHz (sound pressure level) and T 30,0.5-1 kHz (reverberation time, average value between 500 and 1000 Hz) 25 have been evaluated for the entire scenario, as well as the clarity C 50,0.5-1 kHz (clarity, average value between 500 and 1000 Hz), 25 being the sound source a human voice. Moreover, the direct-to-reflective energy ratio (DRR) 42 has been assessed from the impulse responses (IRs) using a MATLAB script. Figure 10 shows the values of the different parameters for both receivers A and B in all the nine possible scenarios. In each charts, the intervals on the vertical axes reflect the just noticeable difference (JND) for each parameter, 25, 43 so that it is easy to note whether the change of different factors leads to a change in the parameters, which is within or above the JND.
As can be seen by the charts in Figure 10 , SPL values are very close to each other in the case of listener A, while a higher influence of façade upholsteries with different sound absorption coefficients on SPL is found for listener B. Moreover, the SPL values for the two listener positions tend to increasingly differ from each other when façade absorption coefficients increase, with a difference of about 4 dB between the two listener positions in the case of green wall façades. This is consistent with the fact that for listener B, the contribution of reflected sound is higher, as could be also seen by the comparison of DRR charts, and therefore, the amount of energy reaching the listener is more influenced by the absorption coefficient of the surrounding façades.
Different sound absorption coefficients of the façades have a visible influence on T 30 as expected, while the scattering coefficient has a negligible influence when upholsteries with high absorption coefficients are applied. Values of T 30 are very similar for the two listener positions.
In order to statistically test the influence of each factor on the acoustic parameters of the square, a one-way analysis of variance (ANOVA) has been conducted for each of the acoustic parameter shown in Figure 10 , in which the acoustic parameter has been considered as the dependent variable and the absorption coefficient, scattering coefficient, and listener position as independent variables. The values of each parameter have been first checked for normal distribution, through a Shapiro-Wilk test. 42 The p-values resulting from the ANOVA tests are reported in Table 1 . As can be seen from this table, the SPL 0.063-8 kHz is influenced by the absorption coefficient of the façades by the listener position, while the T 30,0.5-1 kHz is influenced by both façade characteristics (sound absorption and sound scattering coefficient) but not by the listener position. This is consistent with the charts in Figure 10 , where very similar T 30,0.5-1 kHz charts are shown for both listeners A and B. Moreover, C 50,0.5-1 kHz and DRR are influenced by all the three factors, as can be also seen by the charts in Figure 10 . Figure 11 shows the binaural IR of the 18 different simulations, in order to provide a better overview of the influence of each of the three factors on the acoustic characteristics of the space.
As can be seen from Figure 11 , for listener B, which is closer to the building façades and further from the source, with respect to listener A, the reflections are stronger than direct sound. On the contrary, in the case of listener A, direct sound is stronger than the reflections, as could be expected, since the listener is place in the center of the square, and its distance to all the building façades is approximately the same as the distance from the sound source. Moreover, the effects of the increasing of sound absorption coefficients and sound scattering coefficient of the façades can be seen in the graphical representation of the different IRs.
Subjective assessment of the square wideness 4 In order to assess the influence of listener position and of sound absorption and sound scattering scenarios on the subjective assessment of space wideness on the basis of auditory perception, an ANOVA has been conducted on the scores resulting from the listening test (95% confidence interval (CI), p-value < 0.05). The ANOVA, as well as all the statistical analysis presented in this work, has been conducted with IBM SPSS statistic software (v.22) , and the results of the listening test have been first checked for normal distribution, through a Shapiro-Wilk test. 44 Results of the ANOVA are shown in Table 2 .
Results reported in Table 2 show that the listener position has a strong influence on the results of the listening test. Auralizations corresponding to listener position A are associated with a wider space perception. Therefore, the following analyses have been conducted separately for listeners A and B, in order to eliminate the effect of listener position on the results. Figure 12 shows the mean values of subjective assessment (i.e. space wideness assessment on a 1-to 5-point scale) of the 31 participants for each of the 18 auralizations (9 scenarios × 2 listener positions).
Charts reported in Figure 12 show on the y-axis the value of the mean score resulting from the listening test, that is, the average values of the subjective assessment provided by the 31 participants. A higher score correspond to the perception of a wider space.
As it can be seen from the charts, results are different for the two listener positions. Moreover, within the results corresponding to only one listener position, the absorption coefficient of the façade upholstery seems to have an influence on space wideness assessment. In fact, there is a tendency of the mean scores of subjective responses to decrease when the absorption coefficient increases.
A total of two ANOVAs conducted on the two separate subgroups of results, corresponding to listeners A and B, respectively, confirmed this hypothesis, since in both cases, p-values were below the chosen significance level (p = 0.05); (listener A: p = 0.021; listener B: p = 0.000). The scattering coefficient, on the contrary, did not resulted to be influential.
A post hoc Bonferroni test showed that the perceived space wideness increases with the reduction in the sound absorption coefficient of the façades. In the case of listener A, the influence of façade absorption coefficients is weaker, since only in the case of comparison between a very reflecting material (plain painted brickwork) and a very absorbing one (green wall), there is a statistically significant influence on subjective assessment of the space wideness. In the case of listener B, on the contrary, the façade material proved to be highly influential, since mean ranking values significantly differ from each other in all the three comparisons. Results are shown in Table 3 . Figure 13 shows the interaction plot between factors, where can be seen that the influence of the absorption coefficient is stronger for receiver B than receiver A and that scattering coefficient does not have an influence on results.
Relationship between objective parameters and listening test results
In order to investigate the relationship between objective acoustic parameters and listening test results, multiple stepwise regressions have been conducted, which aimed to identify the parameters that have a greater influence on the subjective assessment of the space wideness. Table 4 shows the correlation between the objective parameters and between each parameter and the listening test results, for listeners A and B, respectively. As can be seen in this Multiple stepwise regressions resulted in two different models for listeners A and B. In the case of listener A, the parameter that most greatly influenced the subjective responses resulted to be T 30,0.5-1 kHz , while in the case of listener B, the parameter that has a greater influence on subjective responses resulted to be C 50,0.5-1 kHz . Table 5 shows the results of multiple regressions for both listener positions.
As can be seen from Table 5 , the models obtained for the two listener positions are very different and involve a different acoustic parameter. The results found for listener A are in line with the findings in Chmelik, 45 which showed that the reverberance is one of the parameters used by listeners in order to assess the size of rooms. However, for listener B, although T 30,0.5-1 kHz appears in the equation resulting from stepwise multiple regression, C 50,0.5-1 Hz appears to have a much stronger influence on subjective assessment of the space wideness, since these parameters alone explain 90% of the listening test results, as can be seen from the chart reported in Table 5 .
This difference in the results of the multiple regression might be due to the fact that there is a very different ratio of direct and reflected energy for the two listeners. Indeed, for listener B, the reflections are stronger than the direct component. This has an influence on C 50,0.5-1 Hz , as can be also seen from Figure 10 . Therefore, this situation might explain why C 50,0.5-1 Hz has a strong influence on space wideness perception for listener B.
Therefore, an implementation of the work involving a grid of different listener positions should be carried out in order to test whether it is possible to describe mathematically the relation between the perceived wideness of the space and one or more acoustic parameters. In this way, a more general relation could be drawn and used as a design rule for the overall acoustic perception of the receivers in the square. 
Conclusion
The work presented in this article has been carried out in order to investigate the influence of building façade upholsteries on the acoustic characteristics of a small urban square and on the subjective assessment of its wideness through auditory perception. Acoustic simulations have been performed through ODEON (v.13) software on a simplified 3D model of the real square, in which three different sound absorption coefficients and three different sound scattering coefficients of the façade upholstery have been tested. Simulations have been conducted for two listener positions placed where passers-by are usually located in the square, using a sound source that simulates the noise of a small group of chatting people, which has been kept in a fixed position. The typology of sound source has been chosen after an in-depth interview with residents of the area, as well as through a web-based questionnaire, in which the noise from voices and human activities resulted to be the most perceivable in the area.
Results of statistical analysis showed that all the three factors (absorption and scattering coefficients of façade upholsteries and listener position) have an influence on the acoustic characteristics of the square.
Moreover, a listening test has been carried out in order to evaluate the influence of the same factors on the subjective space wideness assessment through auditory perception. In total, 18 auralizations have been realized, corresponding to the 18 combinations of the three factors, using an anechoic chatting sound. Statistical analysis on the test results showed that the listener position has a strong influence on the space wideness assessment. Statistical analysis conducted on the results corresponding to only one listener position at a time showed that the absorption coefficient of the façades has an influence on the space wideness assessment.
Finally, a multiple stepwise regression has been conducted in order to find a mathematical relation between space wideness perception and objective acoustic parameters. A total of two different equations have been found for the results corresponding to the two listener positions. For one receiver, T 30 resulted to be the most influential parameter. This result is in line with previous findings on indoor environments. However, for the other listener position, C 50 resulted to be the most influential parameter. Therefore, further work involving a grid of different listener positions should be developed, in order to find a more general relation between acoustic parameters and space wideness perception to be used as a design rule for the overall acoustic perception of the receivers in the square. Similar design drivers can indeed affect the way in which spaces are perceived by users, especially in case of visually impaired people, relying particularly on auditory perception for selforientation and movement through spaces.
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